Rice dwarf virus (RDV) spreads, along actin-based filopodia, as one of the ways of its transport, from infected to non-infected cells of its vector insect via tubules that are composed of the viral nonstructural protein Pns10 and contain viral particles. An inhibitor that perturbs the endomembrane system, namely, brefeldin A, and butanedione monoxime, an inhibitor of myosin motor activity, abolished the formation of such tubules, preventing the direct cell-to-cell spread of RDV without any significant effects on the production of viral particles. The microtubuledepolymerizing drug NOC, which had a negligible effect on the formation and protrusion of such tubules from cells, did not inhibit the intercellular spread of RDV. Our observations suggest that the endomembrane system and myosin motors, but not microtubule, are required for the Pns10 tubule formation and are, therefore, involved in the secondary infection by RDV of adjacent cells.
Introduction
The endomembrane system and the cytoskeleton cooperate in numerous intracellular transport processes under both normal and pathological conditions, and these structures play a pivotal role in viral infection (Boevink and Oparka, 2005) . In plants, the cell-to-cell movement of viruses is mediated by so-called viral movement proteins (MPs) and occurs via plasmodesmata (Lazarowitz and Beachy, 1999) . There appear to be two major classes of MP. Members of the first class, of which the MP of Tobacco mosaic virus (TMV) is the best-studied example, act individually as molecular chaperones that bind viral RNA and transport it to plasmodesmata (Heinlein, 2002a,b) . Members of the second class, exemplified by the MP of Cowpea mosaic virus (CPMV), form tubules that are embedded within highly modified plasmodesmata that transport viral particles (Pouwels et al., 2002) .
Recently, attention has focused on the ways in which intracellular transport and targeting of MPs to plasmodesmata occur. The targeting of MPs of several plant viruses to plasmodesmata has been shown to require the endomembrane system and actin (Ju et al., 2005; Prokhnevsky et al., 2005; Wright et al., 2007) . The association of MP with endomembranes in plant cells has also been reported in the case of viruses whose MPs form tubules. For example, the MP of Alfalfa mosaic virus behaves as an integral membrane protein and is found on endoplasmic reticulum (ER) (Huang et al., 2001 ). In the case of Grapevine fanleaf virus (GFLV; Laporte et al., 2003) , CPMV (Pouwels et al., 2002) and Cauliflower mosaic virus (Huang et al., 2000) , the assembly of MPs into tubules appears to be independent of microtubules and microfilaments but to require the endomembrane system.
Rice dwarf virus (RDV), a phytoreovirus that multiplies both in plants and in invertebrate insect vectors, has a 12-segmented (segments S1 through S12) dsRNA genome (Boccardo and Milne, 1984) . One of the ways of RDV spread among cells of its insect vector is through virus-induced tubular structures (Wei et al., 2006) . The virus-encoded nonstructural protein Pns10 forms viral particle-containing tubules, which move along actin-based filopodia into adjacent insect vector cells in monolayers (VCMs). These tubular structures are found close to the plasma membrane, they extend into the medium, and they are surrounded by plasma membrane (Wei et al., 2006) . The observed formation of tubular structures in non-host Sf9 cells indicates that Pns10 has the intrinsic ability to form tubules without a requirement for other viral proteins (Wei et al., 2006) . The proposed details of the extension of actin-based filopodia between insect cells reflect the current model of the actomyosinbased organization of plasmodesmata in plant cells (Cramer and Murchison, 1995; Zambryski and Crawford, 2000; Baluska et al., 2001; Heinlein, 2002a,b; Oparka, 2004; Ponti et al., 2004) . In this scenario, the transport of Pns10 tubules along actin-based filopodia to adjacent insect vector cells in VCMs would resemble the extension of the MP tubules of plant viruses through plasmodesmata. Therefore, we decided to examine whether the endomembrane system or the cytoskeleton might also cooperate in the intercellular spread of RDV among its insect vector cells.
In this investigation, we examined the way in which tubules are constructed inside cells and protrude from the cell surface, as well as the way in which RDV is transported to neighboring cells. We used specific drugs to investigate the roles of endomembranes and the cytoskeleton in the assembly of tubules of the nonstructural protein Pns10, in the protrusion of tubules from such cells in virus-infected VCMs and from Sf9 cells that expressed Pns10, and in the infection of neighboring cells by RDV. Finally, we examined the association of Pns10 with myosin in vivo.
Results
Requirement of the endomembrane system and myosin motors for the assembly of tubules of RDV To investigate whether the endomembrane system is required for the assembly of tubules of Pns10 in cells and for the protrusion of these tubules from such cells, we evaluated the effects of brefeldin A (BFA) on the subcellular localization and function of Pns10. BFA is a fungal metabolite that prevents normal functioning of the ADP-ribosylation factor (ARF) family of small GTPases, followed by Golgi tubulation and fusion with the ER, thus perturbing the endomembrane system of treated cells (Klausner et al., 1992; Pelham, 1991; Nebenfuhr, 2002) . VCMs that had been inoculated with RDV at a multiplicity of infection (MOI) of 10 were exposed to different concentrations of BFA, and then fixed and stained with C 6 -NBD-ceramide which is a specific fluorescent marker for transGolgi cisternae (Pagano et al., 1989) . Whereas control cells exhibited a well-defined Golgi complex as evidenced by intense staining of structures, the addition of BFA resulted in a disappearance of the Golgi complex as evidenced by diffuse staining throughout the cytoplasm (Fig. 1A) . The effect was dependent on the concentration of BFA and occurred with as little as 500 ng/mL. This concentration of BFA interfered with the formation of Pns10 tubules, with eventual failure of tubules to protrude from treated cells (Fig. 1E) . In most BFA-treated cells, fluorescence due to Pns10, as a result of immuno-staining with Pns10-specific IgG conjugated to fluorescein isothiocyanate (FITC), was dispersed throughout the cytosol (Fig. 1E) . In contrast, treatment of VCMs with BFA did not greatly affect the distribution of the actin-based filopodia (Fig. 1E) . Also, this concentration of BFA was effective and had no major toxic effects on VCMs during their treatment (data not shown). These results together with that shown in Fig. 1A suggest that the chemical used in our condition was effective and specific.
Myosin motors are involved in the movement of actin filaments in cell-surface protrusions, via a process known as rearward or retrograde F-actin flow (Mitchison and Kirschner, 1988; Lin and Forscher, 1993; Svitkina et al., 1997) . We examined the involvement of myosin in the formation of Pns10 tubules using butanedione monoxime (BDM), which is the most selective myosin inhibitor available and which effectively inhibits myosin activity by slowing the release of phosphate from the myosin head after ATP hydrolysis (Svitkina et al., 1997) . VCMs that had been inoculated with RDV at an MOI of 10 were exposed to different concentrations of BDM, fixed and stained with myosin-specific IgG and, then, with Alexa Fluor 594 donkey antibodies against mouse IgG. Myosin localized to cell protrusions that could be seen extending to and making intimate contact with adjacent cells in untreated control (Fig.  1B , see Fig. 2 for an enlarged image). Treatment with 40 nM BDM resulted in a gradual disappearance of myosin from the cell periphery resulting in a diffuse accumulation (Fig. 1B) without greatly affecting the distribution of the actin-based filopodia (Fig. 1E) . BDM prevented the formation of Pns10 tubules and fluorescence due to Pns10 was diffusely distributed in the cytoplasm of RDV-infected cells (Fig. 1E) .
In a previous study, treatment of VCMs with latrunculin and with jasplakinolide, both of which inhibited the elongation of actin filaments, abolished the extension of Pns10 tubules from the surface of cells, with a significant simultaneous decrease in the extent of infection of neighboring cells (Wei et al., 2006) . In the present study, treatment of VCMs with 2 μg/mL cytochalasin D (Cyt D), which significantly blocked the elongation of actin-based filopodia ( Fig. 1C ; Goddette and Frieden, 1986; Sampath and Pollard, 1991) , also inhibited the extension of tubules from cell surfaces. However, this drug did not interfere with the assembly into tubules of Pns10 inside cells, as was also the case with latrunculin and jasplakinolide ( Fig. 1E ; Wei et al., 2006) . By contrast, treatment with 20 μM nocodazole (NOC), which disassembled microtubules without affecting actin-based filopodia ( Fig. 1D and E), had no effect on the formation of Pns10 tubule and the protrusion of these tubules from cells ( Fig. 1E) .
Together, the results indicated that the endomembrane system and myosin motors, but neither actin nor microtubules, were required for the formation of Pns10 tubules inside host cells. However, as also shown previously (Wei et al., 2006) , appropriate targeting of protruding Pns10 tubules from the plasma membrane was strictly dependent on actin. However, microtubules seemed not to be required for the formation of Pns10 tubules and trafficking of Pns10.
The association of Pns10 tubules with myosin-containing cell protrusions
To determine whether Pns10 tubules do indeed associate with myosin, we inoculated VCMs with RDV at an MOI of 10, fixed cells 18 h postinoculation (p.i.) and treated them with Pns10-specific IgG conjugated to FITC and myosin-specific IgG and, finally, with Alexa Fluor 594 donkey antibodies against mouse IgG. As shown in Fig. 2 , most Pns10 tubules were colocalized with myosin both within cells and on protrusions from the cell surface. One of the protrusions was seen to extend from one cell to make contact with another adjacent cell. In addition, the association of Pns10 tubules with myosin seemed to not greatly cause the alterations of host myosin protrusion compared with uninfected cells (Fig. 2) .
Inhibition of the formation and/or transport of Pns10 tubules by various inhibitors and resultant effects on the intercellular spread of RDV The association of viral particle-containing Pns10 tubules with actin-based filopodia represents one of the physiologically relevant pathways for the intercellular spread of RDV (Wei et al., 2006) . Therefore, we postulated that the observed interference with the formation within cells and/or protrusion from cells of Pns10 tubules by BFA, BDM and Cyt D should also inhibit direct cell-to-cell spread of RDV. To examine this hypothesis, we investigated the actions of the inhibitors on cellto-cell spread of the viruses in the presence or absence of virusneutralizing antibodies, as described previously (Wei et al., 2006) . VCMs that had been seeded at low density were inoculated with RDV at a low MOI of 0.001 and, 2 h p.i., virusneutralizing antibodies and various inhibitors were added. The cells were cultured for a further 5 days. Then the cells were fixed and stained with virus-specific IgG conjugated to FITC. Finally, we counted the numbers of cells in foci of infection formed under each set of conditions. The virus in untreated controls produced foci that contained an average of 13 cells each (Fig. 3A) . However, in the case of BFA-, BDM-and Cyt D-treated cells, the intercellular spread of the virus was inhibited and only single-cell or two-cell foci were visible ( Fig. 3B-D) . Treatment with NOC had no inhibitory effect on direct cell-to-cell spread of the virus and the infectious foci were of similar size to those in untreated control cultures (Fig. 3E) . In parallel experiments, with medium that did not contain virusneutralizing antibodies, large foci of infected cells that included about 30 cells as well as single-cell foci in isolated regions, were constantly observed in untreated controls or in the case of NOCtreated cells (Fig. 3F and J) . However, with BFA-, BDM-and Cyt D-treated cells, small foci that contained average 6 cells and single-cell foci were visible (Fig. 3G-I) . Thus, inhibition of the assembly of Pns10 tubules and/or the suppression of the extension of tubules from the surface of infected cells by BFA, BDM and Cyt D was accompanied by the reduced intercellular spread of RDV in the presence or absence of virus-neutralizing antibodies. BFA and BDM had been shown to do not greatly affect the extension of the actin-based filopodia, whereas Cyt D significantly blocked the elongation of actin-based filopodia. Furthermore, all these three inhibitors-treated infected cells formed similar size of infectious cells in the presence or absence of virus-neutralizing antibodies. All these results suggest that the RDV particles within Pns10 tubules, rather than the free RDV particles which might infect neighbouring cells through the filopodia independent of tubules, are responsible for the direct intercellular spread of virus with the pathway of actinbased filopodia.
BFA, BDM, Cyt D, and NOC do not interfere with replication of RDV Having established that BFA, BDM and Cyt D inhibited the intercellular spread of RDV, we examined whether these drugs had any effects on the replication of RDV in VCMs. As shown in Fig. 4 , these inhibitors caused only about 5%-10% reduction in the titer of cell-associated viruses, a result that suggests that these inhibitors had no substantial effect on the replication of RDV. Furthermore, NOC also had no significant negative effect on levels of cell-associated RDV. Thus, cells treated with inhibitors were able to support normal replication of RDV and, therefore, the reduction in the intercellular spread of RDV in the presence of virus-neutralizing antibodies by inhibitory chemicals was due specifically to interference with post-replication phenomena.
Computer-assisted prediction of a hydrophobic region within Pns10
Computer analysis of the primary sequence of the RDV Pns10 protein revealed the presence of a hydrophobic region as shown in the hydrophilicity profile (Fig. 5A) . This region had a very high hydrophobicity value and was predicted to be transmembrane helices by all programs, although the exact borders of the predicted transmembrane helices differed among programs (Fig. 5B) . To verify whether the putative transmembrane domain of Pns10 has the function of displaying Pns10 out of the cell membrane, we prepared the recombinant baculovirus that expressed a mutant Pns10 of RDV in which amino acids 98 through 119 were deleted. Confocal microscopy showed punctate fluorescence inside Spodoptera frugiperda (Sf9) cells inoculated with mutant Pns10 (Fig. 5C ) in contrast to no fluorescence in mock-inoculated controls (data not shown). On the other hand, expression of intact Pns10 in cells resulted in the formation of tubular structures that resembled the tubules observed in RDV-infected VCMs ( Fig. 5C ; Wei et al., 2006) . Expression of this mutant Pns10 in infected Sf9 cells was confirmed by western blotting using Pns10 antibody (data not shown). These results implied that putative transmembrane domain was necessary for the formation of tubules of Pns10 of RDV.
Discussion
Treatment of VCMs with Cyt D, which blocks the elongation of actin filaments, suppressed the extension of tubules from the surface of infected cells (Fig. 1) and decreased the extent of infection of neighboring cells in the presence and absence of neutralizing antibodies (Fig. 3) , as reported similarly for latrunculin A and jasplakinolide in a previous study (Wei et al., 2006) . Our results confirmed that the extension of Pns10 tubules beyond the surface of infected cells is required for the secondary infection of neighboring cells by RDV.
Our early electron-microscopic observations revealed that some of the tubular structures that protrude from the surface of leafhopper cells were surrounded by extended plasma membranes (Wei et al., 2006; Katayama et al., 2007) , suggesting that Pns10 might be membrane-associated protein. Computer analysis of membrane-spanning domains within the amino acid sequence of Pns10 revealed that amino acids 98 through 119 of Pns10 form a putative α-helical transmembrane domain of approximately 20 amino acids. Disruption of this putative transmembrane domain abolished the extension of tubules from Sf9 cells, although the expressed mutant Pns10 was visualized as punctate fluorescence (Fig. 5) . These data suggest that membrane association is necessary for the protrusion of Pns10 tubules from cells. Application of BFA, a fungal macrocyclic lactone that is known to perturb the endomembrane system, inhibited the formation of tubules (Fig. 1) . Moreover, this drug did not have significant effect on viral replication (Fig. 4) . All these results together indicate that the targeting of Pns10 to a specific type of membrane, such as the ER, is necessary for the assembly of Pns10 tubule in infected VCM. Thus, failure of the assembly of Pns10 tubules within cells upon treatment of infected cells with BFA prevented the protrusion of Pns10 tubules from infected cells, leading eventually to the failed secondary infection of neighboring cells by RDV. The formation of tubules was also inhibited when protoplasts that expressed the MPs of GFLV, CPMV and Cauliflower mosaic virus, respectively, were treated with BFA (Huang et al., 2000; Pouwels et al., 2002; Laporte et al., 2003) . Thus, a functional endomembrane system appears to be essential for the appropriate targeting of MPs in plant cells and of Pns10 in insect cells.
When we treated RDV-infected VCMs with BDM, which inhibits the ATPase activity of myosin, tubule assembly within cells and the protrusion of tubules from the cells were inhibited (Fig. 1) . This treatment also inhibited the secondary infection of neighboring cells by RDV (Fig. 3) , as did the above-described treatment with BFA. Myosin motors are involved in the movement of actin filaments in cell-surface protrusions (Mitchison and Kirschner, 1988; Lin and Forscher 1993; Svitkina et al., 1997) . We also demonstrated that a functional actin cytoskeleton is required for the appropriate delivery of Pns10 but not for the assembly of tubule, as revealed by the improper targeting of Pns10 tubules when actin was depolymerized (this study and Wei et al., 2006) . When we analyzed the localization of myosin in RDV-infected VCM, we found that myosin colocalized with Pns10 (Fig. 2) . Thus, it is likely that myosin supports the transport of RDV to neighboring cells via the involvement of myosin in the movement of actin filaments in cell-surface protrusions, which is required for the movement of viral particles that is associated with the elongation of Pns10 tubules. The involvement of myosin motors in the assembly of Pns10 tubules might involve specific binding of Pns10 to the nonmuscle myosin motors that mediate Golgi-to-ER protein trafficking (Duran et al., 2003) . If such binding occurs, the impairment of the function of myosin motors by BDM would be expected to abolish the association of Pns10 with certain types of endomembrane, with the simultaneous inhibition of the assembly of Pns10 tubules, as was the case for BFA. All our results together suggest that inhibition of the assembly of Pns10 tubule in the cytoplasm, due to interference with the activity of myosin, resulted in the failure of Pns10 tubules to protrude beyond the cell surface and in the subsequent failure of the secondary infection of neighboring cells by RDV.
An increasing body of evidence suggests that the cytoskeletal network does not function alone in the transport of viral particles to and through plasmodesmata in plant cells. This network might act together with the endomembranes of the host cell. Many viral MPs might be delivered to plasmodesmata via the ER, while actin/myosin filaments might regulate the flow of proteins in the ER membrane (Boevink and Oparka, 2005) . The extension of actomyosin-based filopodia between insect cells, as characterized in the present study, resembles the current model of the actomyosin-based organization of plasmodesmata in plant cells (Cramer and Murchison, 1995; Zambryski and Crawford, 2000; Baluska et al., 2001; Heinlein, 2002a,b; Oparka, 2004; Ponti et al., 2004) . Furthermore, the endomembrane system and actin/myosin filaments are also involved in the intercellular spread of RDV. These similarities suggest physical and functional similarities between Pns10 of RDV and the MPs of some plant viruses such as TMV, CPMV and GFLV. Our analysis further indicate that the way of the intercellular movement between insect vector cells exploited by RDV or between plant cells exploited by some plant viruses such as TMV, CPMV and GFLV might have originated from some similar ancestral transport archetype(s) in plant hosts or insect vectors.
Materials and methods

Cells, viruses, antibodies and reagents
The NC-24 line of Nephotettix cincticeps (leafhopper) cells was maintained in monolayer culture in the growth medium described by Kimura and Omura (1988) . The O strain of RDV was purified from infected rice plants without the use of CCl 4 , as described by Zhong et al. (2003) . Sf9 cells that had been infected with recombinant baculovirus that encoded Pns10 of RDV were described previously (Wei et al., 2006) . The antibodies against Pns10 and against intact virus, conjugated directly to FITC, were described in an earlier report (Wei et al., 2006) . ProLong antifade, C 6 -NBD-ceramide, rhodamine phalloidin and Alexa Fluor 568-conjugated second antibodies directly against mouse IgG were obtained from Invitrogen. Monoclonal anti-myosin antibody produced in mouse, α-tubulin IgG conjugated to rhodamine and various drugs were obtained from Sigma-Aldrich. The drugs used in the present study were described as follows: a fungal macrocyclic lactone known to perturb the endomembrane system, BFA; an inhibitor of myosin function, BDM; an inhibitor of actin function, Cyt D; and an inhibitor of microtubule function, NOC.
Inhibition of the formation and/or trafficking of Pns10 tubules by various drugs
VCMs were inoculated with RDV at an MOI of 10, incubated for 2 h, washed twice, and incubated at 25°C. From 2 h p.i. onwards until fixation, cells were cultivated in the presence of 500 ng/mL BFA, 40 nM BDM, 2 μg/mL Cyt D and 20 μM NOC, respectively. Sf9 cells that had been infected with baculovirus that encoded Pns10 of RDV were also cultivated in the presence of 500 ng/mL BFA, 40 nM BDM, 2 μg/mL Cyt D and 20 μM NOC, respectively. After fixation (18 h p.i. for VCMs and 2 day p.i. for Sf9 cells), cells were stained with Pns10-specific IgG conjugated to FITC and visualized by fluorescence microscopy, as described previously (Wei et al., 2006) .
Pns10 was labeled with Pns10-specific IgG conjugated directly to FITC. Golgi compartments were stained with C 6 -NBD-ceramide. Myosin was stained with monoclonal antimyosin antibody produced in mouse and then was treated with Alexa Fluor 568-conjugated second antibodies against mouse IgG. Actin-based filopodia were stained with rhodamine phalloidin. Microtubule was stained with α-tubulin IgG conjugated to rhodamine. Samples were analyzed with a confocal microscope (LSM 510; Carl Zeiss Inc., Thornwood, NY, USA), and images were obtained with LSM 510 image browser software as described earlier (Wei et al., 2006) .
To examine the effects of the various drugs on the replication of RDV, we added 500 ng/mL BFA, 40 nM BDM, 2 μg/mL Cyt D and 20 μM NOC, respectively, to the culture medium 2 h p.i. with RDV at an MOI of 10 and then we cultured cells for a further 34 h. After harvest, cells were subjected to three cycles of freezing and thawing to release viral particles and lysates were stored at − 70°C prior to analysis. The viral titer of each sample was determined, in duplicate, using VCMs at a magnification of x10 by the fluorescent focus assay, as described previously (Kimura, 1986) . End-point titers were calculated as means with standard deviations.
Examination of the spread of RDV in the presence and absence of various drugs
To gauge the effects of the various drugs on direct cell-to-cell spread of RDV, VCMs (one day after seeding at low density) were inoculated with RDV at a low MOI of 0.001 and, from 2 h p.i. onwards, virus-neutralizing antibodies (30 μg/mL of medium) were added to the culture medium to inhibit infection by RDV that had been released into or was present in the culture medium, as described previously (Wei et al., 2006) . Then, we added 500 ng/mL BFA, 40 nM BDM, 2 μg/mL Cyt D and 20 μM NOC, respectively, to individual cultures of inoculated cells and incubated the cells for a further 5 days. Cells were fixed and stained with viral particle-specific IgG conjugated to FITC and visualized by fluorescence microscopy. The foci of infection formed under each condition were determined by the fluorescent focus assay, as described previously (Kimura, 1986) . A minimum of four fields was examined for each sample in three or more independent experiments. Photomicrographs of representative florescent foci were obtained.
Computer-assisted prediction of putative transmembrane helices
Transmembrane helices in Pns10 protein of RDV were predicted using the following programs: PHDhtm (Rost et al., 1996) , Tmpred (Hofmann and Stoffel, 1993) , TMHMM (Sonnhammer et al., 1998) and HMMTOP (Tusnady and Simon, 1998) . Prediction and projection of amphipathic helices were conducted using the Antheprot program (Deleage et al., 2001) . To produce Pns10 mutants with deletions of amino acids 98 to 119, DNA fragment spanning nucleotides 27 to 320 of RDV S10 (encoding amino acids 1 to 98 of the Pns10 protein) was amplified by PCR using the following primer pair: a forward primer (5′ TGACGAATTCATGGAAGTAGACA-CTGCTACG 3′) possessing an EcoR I site (italics) at the 5′ end and a reverse primer (5′ GGGACGTTGTCCAAGA-CAGAACTTTTCCCTCCTAACAATACAG 3′); DNA fragment spanning nucleotides 384 to 1088 of RDV S10 (encoding amino acids 120 to 353 of the Pns10 protein) was amplified by PCR using the following primer pair: A forward primer (5′ CTGTATTGTTAGGAGGGAAAAGTTCTGTCTTGGA-CAACGTCCC 3′) and a reverse primer (5′ TCGACTGCAGT-CAGGAACTGCCGCCTTTAAG 3′) possessing an PstI site (italics). Then, these two PCR products were used as template to amplify the complete Pns10 mutant with deletions of amino acids 98 to 119. After digestion with the appropriate restriction enzymes, the cDNAwas ligated into the pFastBac1 donor plasmid (Invitrogen). Recombinant pFastBac1 was then introduced into Escherichia coli DH10Bac cells (Invitrogen) for transposition into the bacmid. The recombinant bacmid was isolated and used to transfect Sf9 cells in the presence of CellFECTIN (Invitrogen) according to the manufacturer's instructions. Then, 72 h after transfection, Sf9 cells were collected and expression of proteins was examined by immunoblotting with antibodies specific for RDV Pns10 and was processed for cytological observations as described previously (Wei et al., 2006) .
